AZ3111.6 wt.% Mg 2 Si in situ composite was fabricated by conventional casting method. Then cyclic closed-die forging (CCDF) were applied to severely deform the as-cast billets at 450 °C for one, three, and five passes. During multi-pass CCDF processing, both dendritic and eutectic Mg 2 Si particles are broken up into much smaller ones due to the shear stress inflicted by the matrix. With the increasing of CCDF passes number, finer grain size and more homogeneous distribution of Mg 2 Si phase are obtained along with notable improvement in both strength and ductility. AZ3111.6 wt.% Mg 2 Si composite presents tensile strength of 171 MPa and elongation of 2.6% after five CCDF passes as compared to initial 99 MPa and 1.0%.
INTRODUCTION
Magnesium matrix composites are excellent candidates for lightweight structural applications because of their high specific strength. Mg-Si alloys are magnesium matrix composites containing hard in situ Mg 2 Si phase [1] . However, many coarse dendritic and eutectic Mg 2 Si particles tend to form in the as-cast composite when high amount of Si is added, which is very harmful to the mechanical properties [2] . In order to getting more uniform Mg 2 Si phase and finer grain size, hot extrusion technique is adopted [3] . Nevertheless, refining and homogenizing Mg 2 Si particles are still difficult due to limited strain during extrusion. In recent years, severe plastic deformation (SPD) technique such as equal channel angular pressing (ECAP) [4] , cyclic extrusion compression (CEC) [5] , high pressure torsion (HPT) [6] , and repetitive upsetting (RU) [7, 8] has been paid much attention. SPD is one of the most effective techniques in fabricating ultrafine-grained materials [9] . ________________________ Wei Guo Compared with other SPD methods, CCDF is a novel processing technique and the investigation indicated that uniform microstructure of the AZ31 alloy was obtained after CCDF [10] . Another research demonstrated that CCDF also an excellent candidate for refining Mg 2 Si phase and homogenizing their distribution in AZ311.7 wt.% Si (i.e. AZ314.6 wt.% Mg 2 Si) composite [11] . However, few studies has been carried out on CCDF processing of such composite containing higher amount of Mg 2 Si phase. Accordingly, the present work aims to fabricate Mg matrix composite with much higher amount of Mg 2 Si, and investigate the effect of CCDF on its microstructure and mechanical properties.
EXPERIMENTAL PROCEDURE
Commercial AZ31 alloy ingot (Mg3Al1Zn0.4 Mn, wt.%) and Si particles (99.9 wt.% purity) were employed as starting materials to prepare the AZ31-Mg 2 Si composite. After finishing conventional casting, the composition was measured and the actual content of Si in the composite was 4.3 wt.% (i.e. 11.6 wt.% Mg 2 Si). Before CCDF, as-cast billet was cut into samples with dimension of 100 × 100 × 20 mm. Fig. 1 is the scheme of the CCDF process. After forged by the punch, sample was taken out and rotated 90° around Y-axis, then put into the die for next forging. Samples were subjected to one, three, and five processing passes, respectively. The position of microstructure observation locate Y-plane of the sample, as shown in Fig.1 . The polished composite was etched by a solution of 1 g oxaldehyde, 1 ml nitric acid and 1 ml acetic acid in 150 ml water. Microstructure was observed with optical microscopy. The tensile specimens (with a gage part of 10 × 3.5 × 2 mm) were cut from the central section of the samples with the tensile direction parallel to Y-axes. Tensile tests were carried out at room temperature with an initial strain rate of 8.3 × 10 -4 s -1 .
RESULTS AND DISCUSSION
Microstructure evolution. The microstructure evolution of AZ31-11.6 wt.% Mg 2 Si composite during CCDF is shown in Fig. 2 . The as-cast composite is composed of -Mg matrix, dendritic Mg 2 Si phase, eutectic Mg 2 Si phase and Mg 17 Al 12 phase. The dendritic Mg 2 Si phase has a length along the first axial direction more than 185 μm. The microstructure of the composite imposed to one, three, and five passes at 450 °C are exhibited in Fig. 2a, Fig. 2b and Fig. 2c .
After one pass, the mean grain size is notably refined to ~15.8 μm, which is ascribed to the dynamic recrystallization during forging. It is aware that large particles (>1 μm) motivate nucleation for recrystallization and small particles restrain recrystallization [12] . In this study, the Mg 2 Si particles activated nucleation for recrystallization during forging due to their size are much larger than 1 μm. The microstructure is still not homogeneous with mixture of coarse and fine grains. The grain is continuously homogenized upon further forging though the decrease of average size is not apparent. The mean grain size is ~15.6 μm and ~13.5 μm after three passes and five passes.
The influence of CCDF on the morphology and size of Mg 2 Si is also remarkable. After one pass, the coarse dendritic and eutectic Mg 2 Si phase are broken up into smaller ones though their distribution is still very inhomogeneous. Along with more forging pass, Mg 2 Si phase are further broken into finer ones and become more uniform. After five passes, size of most Mg 2 Si particles are less than 10 μm, while there still exist some large polygonal Mg 2 Si particles of 14-18 μm. This can be attributed to that the shearing stress being forced by the matrix flow is not sufficient to further break them. Enhanced mechanical properties. The tensile stress-strain curves at room temperature for AZ31-11.6 wt.% Mg 2 Si composite before and after CCDF are shown in Fig. 3 . The strength and elongation improve continuously with increase of the passes number. Eventually, the composite shows an improvement in the yield strength from 90 MPa for the as-cast sample to about 131 MPa for five passes sample. The influence of CCDF on the tensile strength is more effective, and it increases from 99 MPa for the as-cast sample to about 171 MPa for five passes sample. The composite after five passes shows higher ductility to fracture of about 2.6% in comparison to only 1% for the as-cast composite. The mechanical properties of AZ31-Mg 2 Si composite are known to strongly correlate to the shape, size, and distribution of the Mg 2 Si phase. Stress concentrations and large strain occur easily in the matrix near the sharp tips of the coarse dendritic or eutectic Mg 2 Si phase. Thus, the tensile properties of as-cast composite are strongly deteriorated. After five passes of CCDF, the broken Mg 2 Si phase spread homogeneously in the grains and along grain boundaries. Acting as strong barrier, the scattered Mg 2 Si particles pin and hinder the movement of dislocation and thus strengthen the matrix. Moreover, the finer Mg 2 Si particles are less prone to fracture under external stress and leads to higher tensile strength. The dispersed Mg 2 Si also lead to complex deformation mode for the enhancement of ductility due to deformation path of matrix is restricted. Refining and homogenizing of the matrix grain after CCDF also contribute to the improvement of strength and ductility. 
SUMMARY
In situ AZ31-11.6 wt.% Mg 2 Si composite were prepared and imposed to multi-pass CCDF processing at 450 °C. The main results can be concluded as follows:
(1) Size of Mg 2 Si phase continuously decrease with the increase of passes number. After five passes, the initial large dendritic and eutectic Mg 2 Si phase break up into much finer ones with relatively homogeneous distribution, and size of most Mg 2 Si particles are less than 10 μm.
(2) After one pass, the mean grain size is notably refined to ~15.8 μm, while the grain refinement is not apparent with further forging passes though the grain size distribution goes on homogenizing. After three and five passes, the mean grain size is ~15.6 μm and ~13.5 μm, respectively.
(3) Both strength and elongation of the composite increase notably with the increasing passes number. The composite exhibits a tensile strength of 171 MPa and elongation of 2.6% after five passes as compared to initial 99 MPa and 1%.
